Introduction
In the Voss-Weiland scheme of wake field acceleration a high current, ring-shaped driving bunch is used to accelerate a low current beam following along on axis. In such a structure, the transformer ratio, i.e. the ratio of the maximum voltage that can be gained by the on-axis beam and the voltage lost by the driving beam, can be large. In contrast, it has been observed that for an arrangement in which driving and driven bunches follow the same path, and where the current distribution of both bunches is gaussian, the transformer ratio is not normally greater than two.2 This paper explores some of the possibilities and limitations of a collinear acceleration scheme. In addition to its application to wake field acceleration in structures, this study is also of interest for the understanding of the plasma wake field accelerator.3 '4 Consider a driving bunch with current distribution I(t)
which extends from time t = 0 to time t = T and with total charge Q. After traversing some length L of a structure, there will be a retarding potential V-(t) within the bunch, with a minimum value V,;. (2) 4rik(2 Note that in this case R can be written as R = -2kU/Vm.
Four important parameters in a collinear wake field acceleration scheme are the transformer ratio, the efficiency, the total charge and peak current in the driving bunch. In the following we will focus mostly on optimizing R. In the final section we will briefly consider some of the implications of a high R scheme for other machine parameters.
Symmetric can be no larger than two. The upper limit can be achieved if and only if V-(0) = Vm for a bunch symmetric about t = 0. Even for symmetric bunches in actual accelerating structures, which have many modes, this limitation still tends to apply.2 However, it is possible in principle to design a structure in which the accelerating potentials for several modes superimpose maximally behind the bunch, resulting in R > 2 even for a symmetric bunch. Consider a two mode structure with frequencies wo and wl related by wl = 3wo + 6, where S is a small quantity, and with loss factors ko and kl. The potential due to a bunch with current density I(t) is
where W,(t) is the longitudinal wake potential. The contribution of mode n to W_(t) is6 2kncoswnt. Therefore, inside a rectangular bunch extending from -T to T, with constant I(t) = I we have the retarding potential
Behind the bunch (t > T) we have By the use of the Laplace transform Eq. (3) can be inverted to give the current that produces a given V (t) when Wz(t) is 9 . known, i.e.
-I+ioo
where -y is some positive quantity which avoids integration along the imaginary axis of the complex plane. Applying this method to Eq. (11) gives 1(t)=_Vo [(2w + w2)e-'t + W2(atl_)l, for 0 < t < T 2kcx
(13)
This current is a superposition of two currents: one decays exponentially from t = 0, the other is a triangular bunch. In the asymptotic limit (a -* oo) the decaying exponential becomes a 6-function and we get R -* 1 + (wT)2. Given a bunch length T this is the ultimate transformer ratio for a single mode cavity. In addition, since V-(t) is constant we see from Eq. (1) that the efficiency 77 is 100% in this case. Note also that for wT sufficiently large the doorstep bunch shape gives very similar results to the optimal case.
Numerical Examples
We now compare our theoretical analysis with two numerical examples: the SLAC accelerating structure (many modes) and a plasma wake field accelerator (single mode). The SLAC Structure
The SLAC structure is far from being an ideal single-mode structure. Nevertheless, it is still interesting to see how it can be used as a collinear wakefield accelerator. The SLAC structure is a constant gradient disk loaded structure, with fundamental frequency wo/2ir = 2856 MHz and with a cell length of 3. Figure 2 shows the retarding and accelerating potentials due to a triangular bunch in units of volts per pico-coulomb per cell. The bunch length was chosen to be twice the fundamental wavelength. Within the bunch the retarding potential behaves very closely to the single mode calculation, i.e. V-(t) oc 1 -cos wt. However, some energy goes into the higher modes, as is evident by ripples on the cosine wave behind the bunch. This causes a degradation of the transformer ratio from the single mode prediction R = 27r to R = 4.86. The degradation worsens as the bunch length gets longer, as can be seen in Fig. 3 . The Plasma Wake Field Accelerator(PWFA) The plasma wake field accelerator is another type of collinear wake field acceleration scheme which replaces the RF cavities by a plasma medium. Since the plasma in this scheme is assumed to be cold, one expects that only a single mode, i.e. the oscillation at the plasma frequency, will be excited. A one and two-halves dimensional (x,v2,vy,vz) relativistic, electromagnetic particle code is used to simulate the PWFA.9 Physically this code corresponds to a one dimensional system where both the plasma and the beam extend infinitely in the transverse directions. Fig. 4 shows the wake electric field excited in the plasma due to a triangular bunch which is one wave length long. The system has 512 grid points and the number of charges for the beam and plasma are 80 and 16384, respectively. Because of the single mode nature of the system, the transformer ratio as Discussion As a practical example, consider an accelerator operating at A 5 cm with a desired gradient of 100 MV/m. We choose a transformer ratio of 100, so that an energy loss by the driving bunch of 1MV/m must be made up, possibly by induction units or low-frequency RF accelerator cells spaced periodically along the accelerator. In order to achieve R = 100, a doorstep bunch with length cT -AR/(27r) = 80 cm is needed. From Eq. (2) we see that the charge in the driving bunch is about 35,uC for a typical value of k/L = 75 V/pC/m at A = 5cm, assuming also that -100%. The peak current at the tail of the driving bunch is about 25 kA.
In this paper we have looked at some aspects of a collinear acceleration scheme, focusing mostly on the concept of transformer ratio. A more complete study of the usefulness of such a scheme needs to address further questions such as transverse effects and the feasability of creating the very high peak current bunches required for high transformer ratios.
